The effects of Mg , Mn , and KC1 addition, individually and in combination, on the rate of DNA-and RNA-primed DNA synthesis by avian myeloblastosis virus DNA polymerase (reverse transcriptase) using a variety of natural and synthetic template-primer combinations were examined. Optimal divalent cation concentrations were found to vary by as much as 10-fold depending upon the template-primer used to direct synthesis. Addition of KC1 to reaction mixtures containing optimal divalent cation concentrations produced stimulation or inhibition of DNA synthesis which was also template-specific. DNA synthesis on the modified template poly (2'-0-methylcytidylate) was uniquely stimulated by combinations of divalent cations. With Mg** as divalent cation, deviations from classical Michaelis-Menten kinetics of substrate saturation were observed with all template-primers tested.
INTRODUCTION
The ability of avian myeloblastosis virus (AMV) DNA polymerase (reverse transcriptase) to catalyse DNA synthesis on a wide variety of natural and synthetic template-primer combinations has been well documented " . Although the presence of divalent cations is obligatory for DNA synthesis, the exact nature Q of the role played by these ions is not clearly understood . We have undertaken a systematic biochemical analysis of the ionic conditions required for DNA synthesis by the AMV enzyme using a number of synthetic and natural RNA and DNA templates. For the various template-primer combinations examined, the optimal concentration of divalent cation (as Mg or Mn ) was first determined. The effects of combinations of divalent cations and the addition of monovalent cation on rates of DNA synthesis were then determined.
The synthetic homopolymeric templates (rA) and (dA) were primed modified precursor (2'-0-methylcytidylate) was included in this study in order to determine whether such a structural modification would influence the response of the AMV DNA polymerase to changes in its ionic environment. Salmon sperm DNA ("activated" by limited treatment with DNase I) and AMV genomic 70S RNA were the naturally-occurring heteropolymeric templates used in this study.
The biochemical analyses carried out as described above revealed templatespecific ionic conditions required for optimal rates of DNA synthesis by the AMV DNA polymerase, and changes in ionic requirements as a result of template structural alterations. MATERIALS AND METHODS AMV reverse transcriptase. AMV was supplied as plasma from infected chickens by Life Sciences, Incorporated, St. Petersburg, Florida, prepared under contract NO1CP33291, Virus Cancer Program, National Cancer Institute. Reverse transcriptase was purified by affinity chromatography on polycytidylate-agarose as described by Marcus et al. and also by classical methods of protein fractiona-12 tion . Enzyme prepared by both methods was over 90% pure as determined by polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate, free of contaminating exonuclease activity, and produced identical results in these studies. The a3 form was used in all experiments. Template-primers. The synthetic homopolymeric templates and oligodeoxynucleotide primers used in all assays were purchased from P-L Biochemical Laboratories. Polyadenylic acid (rA).
or polydeoxyadenylic acid (dAV were
•'aoo -"300 annealed with oligodeoxythymidylic acid (dT)i 0 before use at an equimolar nucleotide ratio by heating the solution to 60° for 5 minutes and then allowing it to cool slowly to room temperature. Oligouridylic acid (U) 9 , was purchased from Boehringer Manneheim, Incorporated, and was annealed to (rAL and '3 00 (dA) by the same procedure used for annealing of those templates with (dT)i 0 -
>3 00
Polycytidylic acid (rCL . polydeoxycytidylate (dCL , or poly (2'-0-methyl- molar nucleotide ratio of polymer to oligomer. Annealing was carried out at 80 for 15 minutes, after which the solutions were allowed to cool slowly to room temperature. Poly (2'-0-methylcytidylate) was a generous g i f t of Dr. F. Rottman. Activation of salmon sperm DNA by limited DNase treatment was carried out according to the procedure of Aposhian and Kornberg . AMV 70S RNA was obtained by SDS-phenol extraction of purified virus and further purification of 14 the RNA accomplished on glycerol gradients as previously described . DNA Polymerase Assays. Reaction mixtures (in a total volume of 0.1 ml) for synthetic homopolymeric template-primers consisted of 50 mM Tris-HCl, pH 7.8, 2 mM dithiothreitol, 25 pg bovine serum albumin, 80 pM ( (dG)i2-ie-dii*ected reactions represented in Figures 2 and 3 Table I . Conditions o f assay are those described in Materials and Methods. a Divalent cation concentrations are those which allow 90-100* of maximal rate of DNA synthesis.
Rates of DNA synthesis are expressed as picomoles of precursor nucleotide incorporated during incubation periods of 30 minutes at 37°. Rates of synthesis on activated DNA and 70S RNA are expressed as picomoles of a single nucleotide precursor incorporated.
c No significant change i n optimal divalent concentrations was noted when substrate concentrations were varied from 10 to 400 uM.
produced slight stimulation of synthesis (Fig. 1C ). As expected, addition of Mn ++ to reaction mixtures containing Mg" 14 " greatly stimulated DNA synthesis for this template-primer (Fig. 1A) .
When (U) 9 , an oligomeric RNA, was used as a primer molecule in place of (dT)io. the efficiency of DNA synthesis on both (rA).
and (dA) as tem- plate by the AMV DNA polymerase was sharply decreased (Table I) . Interestingly, divalent cation preferences for DNA synthesis on these templates appeared to be relatively unaffected by the use of either a DNA or RNA primer molecule found to be the preferred divalent cation for DNA synthesis on a l l three tern-
plates (Table I ) . Mn could partially substitute for Mg , although the degree of substitution varied with the template. The AMV DNA polymerase could utilize (rC) and (dC) as templates with less than a 2-fold preference for the (Table I ). Further studies indicated that (rCm) may interact in a unique fashion with divalent cations.
> 3 o o ++ ++
We observed that addition of Mn to Mg -containing reaction mixtures inhibited DNA synthesis directed by (rCL and (dCL (Fig. 2A) . In contrast to >3 0 0 ' 3 00 this finding, rates of (rCmi -directed synthesis were increased over 3-fold to those levels observed with Mg alone. Addition of increasing concentrations of KC1 to (rC). and (rCmV -d i -
rected reactions at optimal Mg concentrations inhibited DNA synthesis ( F i g .
3A)
. These two templates are similar i n that r e l a t i v e l y high concentrations of Mg (20-30 mM) are required f o r e f f i c i e n t synthesis (Table I ) . At sub-optimal Mg + concentrations (5 mM), however, 50 mM KC1 stimulated rates of DNA synthesis on these tempi ate-primers almost 2-fold (data not shown). At optimal Mg** levels (10 mM), (dCV -directed DNA synthesis was stimulated almost 2-3 0 0 ++ f o l d by 100 mM KC1 ( F i g . 3A) . In the presence of optimal Mn concentrations (Fig. 3B) , DNA synthesis on each of three template-primers was stimulated at * optimum of 0.05 m M for activated DNA-directed DNA synthesis was observed. Concentrations of Mn greater than 0.05 mM proved inhibitory to DNA-directed synthesis. High concentrations of Mg (>40 mM) were required for the expression of optimal rates of DNA synthesis directed by activated DNA, although Mn** concentrations which were optimal for the majority of template-primers tested inhibited the DNA-directed reaction. The effects of various mono-and divalent cation combinations on DNA synthesis using these natural templates are summarized in Table I I . No significant effect on the rate of RNA or DNA-directed DNA synthesis was produced by divalent cation combinations or by the addition of KC1 to individually optimal divalent cation concentrations. However, a combination of Mg , Mn and KC1 produced significant stimulation of RNA-directed synthesis. Tempi ate-Independent Reaction Properties:
Alteration of tempi ate: primer ratio. The effects of altering the molar nucleotide ratio of template:primer on the kinetics of substrate incorporation in the presence of optimal and sub-optimal concentrations of a preferred divalent cation are illustrated in Figure 4 . Incorporation of dGMP into tricholoroacetic We have attempted to carry out a critical analysis of the contributions of divalent and monovalent cation, singly and in combination, to the process of DNA synthesis catalysed by AMV DNA polymerase on a variety of natural and synthetic template-primers.
We have found that optimal divalent cation concentrations may vary as much as 10-fold, depending upon the template-primer used to direct DNA synthesis (Table I) as an inefficient template for AMV DNA polymerase in the presence of Mg due to the formation of a triplex structure at equimolar template and primer nucleotide ratios , we have found that this template-primer is efficiently utilized in the presence of Mn . We do not know whether the Mn -specific nature of this response is due to a change in template-primer structure or is mediated through a metal-specific enzyme-Mn interaction. The effect of adding salt to reaction mixtures containing optimal concentrations of divalent cations was also examined. While synthetic templateprimer directed DNA synthesis requiring concentrations of Mg >20 mM for optimal activity was inhibited by the addition of KC1 to reaction mixtures, stimulation of DNA synthesis by KC1 addition was observed at suboptimal Mg concentrations. This indicates that, for such tempi ate-primers, the AMV DNA polymerase requirement for high Mg levels is partly due to the necessity for a high-ionicstrength environment. For the reverse transcription of oncornaviral 70S RNA, we have found that KC1 addition provides significant stimulation only in the presence of both Mg and Mn (Table II) . Such results should be interpreted with caution, however, since a recent report has shown that KC1 stimulation only serves to increase the yield of partial cDNA transcripts of ovalbumin mRNA; omission of KC1 was required in order to obtain full-length transcripts, while lowering the total level of DNA synthesis.
Studies using the methylated template (rCm) revealed the divalent ca- A divalent cation-specific effect rather than a template-specific effect was observed in the biphasic double-reciprocal plots of velocity versus deoxynucleoside triphosphate concentration in the presence of Mg (Fig. 5) . Classical kinetics were observed when Mn was used as the divalent cation. These results were obtained for natural heteropolymeric tempiate-primers as well as synthetic homopolymeric template-primers, and thus may reflect a direct effect of the divalent cation on the enzyme molecule, enzyme-substrate complex, or enzymesubstrate-template-primer complex. Results obtained in a recent study on infidelity of homopolymer-directed DNA synthesis by AMV DNA polymerase indicate that 21 this enzyme may contain multiple nucleotide binding sites . The biphasic double-reciprocal plots we have observed with respect to substrate concentration are probably not due to multiple-site interactions, as such sites appear to be base specific . It is unclear as to how Mg elicits this response from the AMV DNA polymerase, although this effect may result from the interactions of the a and 8 subunits in the presence of Mg . We intend to carry out experiments on the a form of the enzyme in order to determine whether the presence of the B subunit is essential for expression of this kinetic effect. In any event, these 
